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Abstract: In recent years, advancements in technology have allowed the use of contrast-enhanced
ultrasounds (CEUS) with high-frequency transducers, which in turn, led to new possibilities in
diagnosing a variety of diseases and conditions in the field of radiology, including neonatal brain
imaging. CEUSs overcome some of the limitations of conventional ultrasounds (US) and Doppler
USs. It allows the visualization of dynamic perfusion even in the smallest vessels in the whole brain
and allows the quantitative analysis of perfusion parameters. An increasing number of articles are
published on the topic of the use of CEUSs on children each year. In the area of brain imaging, the
CEUS has already proven to be useful in cases with clinical indications, such as hypoxic-ischemic
injuries, stroke, intracranial hemorrhages, vascular anomalies, brain tumors, and infections. We
present and discuss the basic principles of the CEUS and its safety considerations, the examination
protocol for imaging the neonatal brain, and current and emerging clinical applications.

Keywords: brain; child; contrast-enhanced ultrasound (CEUS); hypoxic-ischemic encephalopathy;
infection; imaging; neonate; sonography; stroke; tumor

1. Introduction

An ultrasound (US) is a type of medical imaging that is commonly used in pediatric
radiology due to its multiple advantages for the imaging of young patients. Besides the
traditional use of USs in the assessment of abdominal organs and other soft tissues, the open
anterior fontanelle in neonates allows the evaluation of the brain. Cranial USs have become
a primary screening tool for detecting intracranial pathologic conditions in infants [1].
Technical advancements, such as the use of high-frequency transducers, imaging through
secondary acoustic windows, and the incorporation of Doppler imaging, have made it
possible to conduct a thorough assessment of the neonatal brain, often eliminating the need
for additional imaging. One disadvantage of the US is the limited ability to differentiate
between soft tissues and evaluate vascularity without the use of contrast media, unlike CT
and MRI. However, the development of contrast-enhanced ultrasounds (CEUS) allowed
new possibilities in diagnosing a variety of diseases and conditions and may lead to even
of a less need for additional imaging [2]. Doppler USs have limitations when measuring
slow-flow conditions, assessing the microvasculature, and are sensitive to motion-related
artifacts. The CEUS overcomes these limitations and allows the visualization of dynamic
perfusion even in the smallest vessels in the whole brain. The CEUS also allows quantitative
analysis to be performed [3]. It has already shown potential in applications to various
clinical indications, such as hypoxic-ischemic injuries, stroke, intracranial hemorrhages,
vascular anomalies, brain tumors, and infections. Future research is expected to expand its
applications and facilitate its regulatory approval.
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2. Basics of Contrast-Enhanced Ultrasound (CEUS)

The most widely utilized ultrasound contrast agent (UCA) is SonoVue® (Bracco, Milan,
Italy), which is marketed as Lumason® in the USA. This UCA is made up of tiny bubbles
(i.e., microspheres) made of sulfur hexafluoride gas enclosed by a layer of phospholipids on
the outside. When they are exposed to a US pulse, these microbubbles vibrate and reflect
strong signals. Imaging is carried out at low acoustic power, typically using a mechanical
index (MI) below 0.1, and a high frame rate. The signals emitted by the microbubbles
contain multiples of the insonating frequency or harmonics, which are used to create
images of the contrast agent. If the MI is too high, it can cause the microbubbles to rupture,
resulting in suboptimal enhancement. SonoVue® is a blood pool agent that remains within
the intravascular space. Because of the small size of the microbubbles, which are less than
6 µm, they can reach even the smallest capillaries when injected intravenously (IV). The core
of the microsphere is a harmless gas that is excreted through the lungs. The phospholipid
microbubble shell is broken down and excreted through the liver. The majority of the
applied dose of UCA is eliminated from the body in a few minutes [4].

2.1. Safety Considerations

UCAs are very safe, with the frequency of adverse events lower than that of other
contrast agents (i.e., CT and MRI contrast agents) [5,6]. Additionally, the rate of contrast-
related adverse events in children is lower than it is in adults [7]. A recent meta-analysis of
nearly five thousand IV CEUS examinations of children reported that adverse events were
rare, and most of them were not severe [8]. Mild adverse events, such as a headache, nausea,
altered taste, tinnitus, light headedness, urticaria, and hyperventilation, were reported in
only 1.1% of the IV examinations. Severe adverse events, such as anaphylactic reactions,
were extremely rare, occurring in only 0.2% of the IV examinations. Nonetheless, a contrast
reaction kit should be available nearby whenever one is performing any examination with
IV contrast media, including CEUS [9].

CEUSs have unique safety concerns related to bioeffects. In theory, if the MI used is
too high (MI > 1.9), the microspheres may rupture during oscillation, potentially causing
damage to the adjacent cells. This process is called sonoporation or microcavitation [10,11].
The oscillation of microbubbles may also cause tissue heating due to acoustic energy
dissipation. However, these bioeffects occur only with high dosages of UCA, long pulse
lengths, and high MIs and should not occur during diagnostic examinations due to safety
precautions incorporated into the US machines designed for diagnostic clinical use [10,12].

In the USA, the IV use of UCAs by children was approved by the FDA in 2016 for the
characterization of liver lesions. In Europe, the use of UCAs by children is only registered
for intracavitary use in the diagnosis of vesicoureteral reflux; therefore, the IV use of UCAs
is off label. However, in its 2011 recommendations, the European Federation of Societies
for Ultrasound in Medicine and Biology (UFSUMB) recommended the off-label use of
UCAs by children for many other indications as well, including IV use, due to their proven
effectiveness and safety [13,14]. At the same time, it should be emphasized that a large
proportion of medicines taken by children are used off label.

2.2. Contrast-Enhanced Ultrasound (CEUS) Technique

Before performing a CEUS, it is important to perform a detailed grayscale US ex-
amination to evaluate the region of concern. This initial assessment can be beneficial in
customizing the subsequent CEUS protocol. Most newer US scanners have the ability to
perform CEUS imaging. CEUS imaging is typically performed using a contrast-specific
mode with a dual-display option. This allows the concurrent viewing of a grayscale and
contrast-only image. To achieve the best detection of microbubbles, the gain setting should
be barely above the noise floor, which ensures that only the microbubbles are visualized [15].
The choice of a transducer depends on the location and vascularity of the examined organ
and the size of the patient. For larger and older children, convex transducers with lower
frequencies are used, while neonates and infants with superficial lesions require convex
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transducers with higher frequencies or linear transducers. However, due to the microbub-
bles’ size and their oscillating frequency, using higher-frequency transducers results in
a suboptimal image, which, in turn, requires a higher dose of the UCA to compensate
for it [16].

Note that a CEUS is not only a still image technique. A CEUS is a real-time imaging
technique that allows the visualization of blood flow and contrast agent distribution over
time. Therefore, typically, a CEUS examination is conducted recording a cineloop. For
CEUSs with the IV application of UCA, two people are typically needed, with one person
acquiring the US images or cineloop, while the other prepares and administers the UCA
through a central or peripheral line. The dose for pediatric IV administration approved
by the FDA is 0.03 mL/kg up to 2.4 mL. The application of a UCA can be repeated once
during the examination [17]. After injecting the contrast bolus, the examiner flushes the IV
cannula with normal saline to push any remaining UCA through the vein and activates the
timer to capture a continuous cineloop of 60–120 s. It is important to maintain the same
US scan settings during image acquisition to accurately quantify the vascular perfusion
parameters. In cases of a repeated examination, it is necessary to allow enough time
between the injections for the UCA to clear from the body, which is usually 10–15 min [18].
The quantitative assessment of contrast kinetics can be achieved using specialized software
that analyzes US images and cineloops to calculate various imaging parameters, such
as the peak enhancement, time to peak enhancement, the area under the curve, regional
blood volume, regional blood flow velocity, and slopes of the ascending and descending
curves [19].

Brain CEUS examinations are conducted using high-frequency curved-array transduc-
ers with a frequency range of 2–11 MHz. Typically, a smaller probe that fits well within
the space of the open fontanelle of an infant is used. Linear array transducers with a
frequency range of 8–20 MHz are used for evaluating the extra-axial space and superficial
brain structures. The image settings are optimized before contrast injection, with a low MI
(<0.3) during CEUS to ensure microsphere stability. The gain is adjusted to ensure minimal
background noise before contrast administration. The anterior fontanelle is typically used
for still images and cineloops of the brain. A cineloop is obtained in the mid-coronal plane
with the basal ganglia in view. A sweep of the entire brain is then conducted to screen the
rest of the brain parenchyma. An additional microbubble injection can be used to perform
a sweep through the entire brain or a specific region of interest during peak enhancement
for re-evaluating or validating the findings [20,21]. For known regions of abnormality,
dedicated static images and cineloops can be obtained.

2.3. Quantification Methods

Quantification methods can be used to measure tissue perfusions using time–intensity
curve analysis. This method evaluates changes in the signal intensity over time in a
region of interest, allowing for the quantification of various perfusion kinetics parameters.
These parameters include the time to peak, wash-in slope, peak intensity, wash-in and
washout area under the curve, and the washout slope. These parameters can be visually
displayed as a color-coded map [22,23]. In a normal brain, the peak enhancement is
typically achieved within 15–20 s of administering the microbubble injection, but this
timing can vary depending on various factors [20]. Washout, which refers to the clearance
of microbubbles from the region of interest, can occur within 10 min of administering the
injection, but it may be delayed in the presence of a brain injury or other factors [24].

Another method for measuring tissue perfusion is the infusion-based destruction-
replenishment method. This method involves destroying microbubbles in the field of
imaging using a short acoustic pulse and studying the replenishment kinetics as circulating
microbubbles flow back into the same region [3].
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3. Clinical Applications
3.1. Hypoxic-Ischemic Injury

Hypoxic-ischemic encephalopathy (HIE) is a brain injury that occurs due to inadequate
blood flow to an infant’s brain, which is caused by a hypoxic-ischemic event during the
prenatal, intrapartum, or postnatal period. It is a serious complication that occurs in 1.5 to
2.5 out of every 1000 live births in developed countries [25]. By the age of 2, around 60% of
infants with HIE may die or have severe disabilities like mental retardation, epilepsy, and
cerebral palsy [26]. Despite advances in obstetric care aimed at preventing hypoxic-ischemic
events, the incidence of HIE has not declined in recent years [27]. The early detection and
treatment of HIE is critical for improving clinical management and predicting the short- and
long-term outcomes [28]. Therapeutic hypothermia is the standard of care for this people
with condition [29]. Currently, MRI is the most effective imaging technique for evaluating
neurological pathology in HIE [30–32]. However, due to therapeutic hypothermia and
technical limitations, and to achieve optimal diagnostic results, an MRI is performed several
days after the onset of symptoms [33]. Studies have shown that MRIs conducted too early
may underestimate the extent of the injury [34]. It is also important to note that up to
26% of neonates with HIE who underwent hypothermia and had normal MRI findings
experienced abnormal neurodevelopmental outcomes [35,36]. Therefore, there is still no
optimal imaging modality for the evaluation of HIE.

Brain CEUS is a promising diagnostic tool that may have advantages in comparison to
MRI. Due to its bedside nature, it can be performed at any time, even during therapeutic
hypothermia in an intensive care unit. Therefore, it may be used to diagnose HIE earlier
and also allow monitoring the patient’s response to the treatment. The ability of CEUSs
to visualize the microvasculature and evaluate brain perfusion in real time means that it
has great potential to become a valuable diagnostic tool in the evaluation of HIE. There are
many studies reporting the use of CEUSs for the assessment of HIE [9,24,37,38]. Recently,
a quantitative CEUS approach has been introduced to screen for the presence of HIE [24].
In this study, infants with HIE were distinguished from unaffected infants by assessing
the ratio of basal ganglia to cortical perfusion using wash-in, peak enhancement, and
area-under-the-curve kinetic parameters on a time–intensity curve. Another recent study
demonstrated that alterations in the CEUS wash-out perfusion parameters can be observed
in the presence of a hypoxic-ischemic injury [38]. Future research with larger cohorts
is needed to validate the diagnostic utility and prognostic value of CEUS in HIE cases.
In addition, the establishment of a large CEUS database with normal brain perfusion
parameters are also necessary (Figure 1).

3.2. Ischemic Stroke

An ischemic stroke is defined as an episode of neurological dysfunction caused by
a focal cerebral infarction. An ischemic stroke among children is relatively rare, with a
rate of 1.2 cases per 100,000 population per year [39]. The most affected age group are
the neonates, with the reported incidence being up to six times higher [40,41]. According
to population studies, the reported incidence of childhood stroke has increased in the
last 20 years, most likely due to the improvements in neuroimaging techniques [42]. Non-
atherosclerotic arteriopathies, prothrombotic states, and cardiac disorders, including having
undergone cardiac surgery, catheterization, and extracorporeal membrane oxygenation
(ECMO), account for most of the cases [43]. Childhood stroke may present with focal or
diffuse signs. In the first months of life, seizures and tone abnormalities are frequent clinical
hallmarks, while focal symptoms, such as numbness and weakness, or headaches are the
most common clinical presentations among older children [44].



Children 2023, 10, 1303 5 of 15

Figure 1. A VueBox® analysis of a 4-day-old premature girl with neonatal sepsis and normal symmet-
ric CEUS brain perfusion. Regions of interest were set for: the whole brain/both hemispheres (red),
right hemisphere (green), and left hemisphere (yellow). (A) The above-left panel displays a coronal
CEUS image, demonstrating symmetric brain perfusion during the arterial phase of enhancement.
(B) The above-right panel shows a normal symmetric coronal perfusion map of the average contrast
signal intensity (MeanLin) parameter. (C) The below panel presents time–intensity curves for the
right hemisphere (green) and left hemisphere (yellow) and the whole brain (red). A subsequent brain
MRI scan was normal.

Advances in clinical recognition and radiological imaging methods have increased the
ability to diagnose ischemic stroke among children. Imaging studies can help distinguish
ischemic infarction from cerebral hemorrhage and other causes of sudden neurologic
symptoms [44]. MRI has become the first-line neuroimaging modality to confirm the
clinical diagnosis of ischemic stroke and should always be preferred to CT due to its greater
specificity and sensitivity [40]. MRI, including diffusion-weighted imaging (DWI) and
apparent diffusion coefficient (ADC) maps, can demonstrate evidence of an infarction
even in the first few hours after the onset of symptoms [45]. Perfusion imaging, such
as arterial spin labeling (ASL) sequence, allows the measurement of cerebral blood flow
and volume and can detect areas of ischemia without the use of a contrast agent [46].
Cerebral angiography is still considered the best method to visualize the intracranial
vasculature; however, continued refinements in MR angiography (MRA), especially time-
of-flight angiography (TOF), which allows the visualization of flow within vessels without
contrast administration, have made MRA a feasible noninvasive alternative for children,
sparing the child from the potential harmful effects of ionizing radiation [47,48]. However,
in critically ill neonates, the utilization of MRI can be limited due to the risks associated
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with transportation and incompatible support equipment. CEUSs, with their potential to
evaluate brain microvasculature, present a great emerging imaging alternative. CEUSs have
been used for the evaluation of acute ischemic stroke among an adult population to detect
cerebral perfusion deficits and to monitor the responses to a thrombolytic treatment [49,50].
The number of studies on a pediatric population, so far, are minimal, but CEUSs have been
shown to have good sensitivity to detect acute ischemic stroke in comparison to MRI [51].
For the imaging of stroke using CEUS, the quantitative brain perfusion analysis is typically
performed. CEUS shows a delayed rate of the washout of the contrast agent and a delayed
time-to-peak in the affected areas [49] (Figure 2). Future research via larger prospective
studies is needed to better determine the diagnostic accuracy of CEUSs in comparison
to MRI for the detection of stroke and its utility for the accurate characterization of the
penumbra for monitoring the responses to thrombolytic therapy.

Figure 2. A VueBox® analysis of a 5-day-old male with ischemic stroke in the territory of the left
middle cerebral artery. (A) The coronal grayscale reference ultrasound image of the brain. (B) The
coronal CEUS image. (C) The coronal CEUS perfusion map highlighting an increased fall time
parameter in the territory of the left middle cerebral artery. The whole brain is selected as a region of
interest in the presented image (marked by the two color lines).

3.3. Intracranial Hemorrhage

An intracranial hemorrhage (ICH) in the neonatal period is a serious clinical problem
and an important cause of morbidity and mortality [52]. Many inherited and acquired disor-
ders may cause a neonatal ICH. However, in a large proportion of cases, the etiology cannot
be identified [53]. Full-term neonates with an ICH commonly present with clinical features,
such as apnea, bradycardia, and seizures [54–56]. With improvements in diagnostic imag-
ing in recent years, even a small ICH is being increasingly recognized. The true incidence of
ICHs is likely higher than reported, as only a fraction of infants with an ICH present with
clinical features [54]. Diagnostic imaging plays an important role in the detection of ICHs.
A cranial US is a first-line modality for the evaluation of a neonate suspected of having an
ICH. USs are a highly sensitive and dependable tool for assessing the ventricular system
and central brain structures. It is highly effective in detecting germinal matrix hemorrhages,
intraventricular hemorrhages, and hemorrhages in central brain structures [53]. However, a
limitation of the US is its poor visualization of the peripheral and deep brain regions. Using
additional acoustic windows, like the mastoid fontanelle, posterior fontanelle, or foramen
magnum, can help overcome these limitations. In cases where more detailed information
about ICH lesions is necessary, or if there are still suspicions despite there being normal
cranial US results, MRI is the preferred imaging method. Unlike USs, MRI can capture
images of the entire brain, as it is not limited by acoustic windows. Furthermore, MRI has
the ability to utilize hemorrhage-sensitive sequences like susceptibility-weighted imaging
(SWI), which is unparalleled in its sensitivity in detecting hemorrhages [57]. Therefore, MRI
is considered the gold standard for further imaging when more comprehensive information
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is needed. However, there are also limitations to the use of MRI. In the neonatal period,
MRI typically requires general anesthesia. Additionally, patients with a suspected ICH are
often located in the neonatal intensive care unit, and they may be difficult to move to an
MRI machine in another department; therefore, MRI is not always feasible. A CEUS is an
emerging radiological modality that could prove especially useful in the detection of ICHs.
The CEUS is a technique based on the vascularity and perfusion of the observed organ. As
such, it may be an ideal tool to detect areas without perfusion, such as hemorrhages. The
areas with normal perfusion greatly differ in terms of signal from that of the areas without
perfusion, which should also improve the visualization of such areas in the peripheral and
deep regions of the brain. Several recent studies have already described cases of ICHs that
were more accurately diagnosed using CEUSs in comparison to that using MRI [20,51].
CEUS shows preserved cerebral perfusion around the hemorrhage (i.e., the presence of
microbubbles within the brain) and the region of heterogeneous hypoperfusion in the
affected area of the brain with the hypoechoic hemorrhagic core (i.e., no microbubbles
entering the hematoma) (Figure 3).

Figure 3. A 1-day-old boy who presented with apnea. (A) The sagittal grayscale ultrasound brain
image reveals a heterogeneous lesion (arrows) in the right frontotemporal region. (B) The sagittal
CEUS image confirms avascularity of the lesion (arrowheads), consistent with the hemorrhage, and
no obvious vascular malformation.

3.4. Brain Tumors

Brain tumors are the most common solid tumors in the pediatric population and are
the second most frequent type of childhood cancer overall. While these tumors can occur at
any age, they are most prevalent in children aged 3–7 years. Tumors in neonates and infants
up to the age of 2 years typically occur in the supratentorial region, while in children older
than 2 years, they are more frequently found in the infratentorial region. There are more
than a hundred different histological subtypes of brain tumors that have been recognized;
the most common ones are pilocytic astrocytomas, brainstem gliomas, and medulloblas-
tomas [58]. Imaging plays a vital role in the management of patients with brain tumors. The
gold standard for brain tumor assessments is MRI. Advancements in neuroimaging MRI
techniques, such as the use of diffusion-weighted imaging (DWI), spectroscopy, perfusion
imaging, and functional MRI, provide additional information about the metabolism and
physiology of these tumors, which can aid in their diagnosis and monitoring [59]. The
value of CEUS in the management of brain tumors is expanding, but the information that is
available so far is still limited. CEUSs can help in the detection of solid brain tumors because
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they are typically more vascularized than brain parenchymas are (Figure 4). However,
its ability to differentiate between different subtypes is limited [60,61]. So far, it has been
most extensively used in intraoperative settings for surgical guidance [62,63]. Neoplastic
tissue shows a higher contrast enhancement compared to that of the normal surrounding
brain parenchyma because of its higher vessel density. Thus, CEUSs allow the most precise
guidance of the surgical procedure and is especially useful for resection control [60,64–66].

Figure 4. A 6-month-old premature boy with an accidentally detected small lesion in the 4th ventricle.
(A) The transverse reference grayscale ultrasound image through the left mastoid fontanelle. (B) The
transverse CEUS image of the 4th ventricle demonstrates avid arterial and venous enhancement of
the lesion (arrows). Findings were suggestive of choroid plexus papilloma; subsequent brain MRI
scans confirmed benign aetiology of the lesion.

3.5. Vascular Malformations and Brain Vasculature Evaluation

The ISSVA (International Society for the Study of Vascular Anomalies) classifies vascu-
lar malformations into simple and combined malformations. The former ones are more
common and include arteriovenous malformations (AVMs), venous, lymphatic, and capil-
lary malformations, and arteriovenous fistulas. Typical pediatric vascular malformations
are the vein of Galen malformations (a type of AVM), malformations of the dural sinus,
and juvenile spinal vascular malformations [67]. The vein of Galen malformations are
rare intracranial anomalies; however, the mortality rate in the absence of a treatment is
nearly 100% [68]. Transarterial embolization is the treatment of choice, with the surgical
treatment typically having high morbidity and mortality rates [69]. A CEUS can be helpful
in establishing the diagnosis of the malformation, as the dense vascular structure of the
malformation is better depicted using CEUSs in comparison to conventional USs. Addition-
ally, after a surgical procedure or neurovascular embolization, brain CEUSs can be used to
assess the residual flow within the lesion [3]. This has been more extensively researched for
the other types of AVMs in the adult population [70–73]. By using CEUSs, angiography, CT
angiography, or MRI can be avoided.

CEUSs can also be a great problem-solving tool in the assessment of brain vasculature,
especially the evaluation of brain sinuses for the presence of thrombosis. Due to the
slow flow in the brain sinuses, MRI can be unreliable in diagnosing sinus thrombosis [74].
CEUSs using an approach through the anterior fontanelle enables a good visualization of
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the sagittal sinus, while the transtemporal and transmastoid approaches provide a great
visualization of the transverse sinuses (Figure 5).

Figure 5. A 5-day-old boy diagnosed with hypoxic-ischemic encephalopathy was investigated for
suspected thrombosis of the right transverse sinus (suspected on MRI scan). (A) The transverse
reference grayscale ultrasound image through the right mastoid fontanelle and increased echogenicity
within the transverse sinus (arrow). (B) The CEUS image of the right transverse sinus shows the
sinus with high signal intensity (arrow), ruling out thrombosis.

3.6. Infections

Neuroinfections can arise from various organisms, most commonly bacteria, viruses,
or fungi. Clinically and radiologically, central nervous system infections are categorized
as meningitis, cerebritis, an abscess, ventriculitis, extra-axial collections, or combinations
of these [75]. Meningitis is primarily clinically diagnosed and confirmed through CSF
evaluation. The role of imaging is to identify contraindications for a lumbar puncture,
monitor complications associated with meningitis, and identify any underlying causes for
recurrent meningitis. For neonates and infants, a cranial US has a crucial role, while CT,
and especially, MRI with contrast administration are used for the assessment of meningitis
and its complications among older children [76,77]. Although a CUES should, in theory, be
an ideal imaging method to demonstrate the thickened and hypervascular leptomeninges
in infants with meningitis, we found no studies reporting the use of CEUSs on this group
of children.

When an infection spreads to the brain parenchyma, it leads to cerebritis, which can
progress to abscess formation. Cerebritis can be focal, diffuse, or bilateral, and imaging can
demonstrate the involvement of the grey matter, particularly using diffusion-weighted MR
imaging and FLAIR sequences [75,78]. CEUSs, with their quantitative analysis of brain
perfusions, have the potential to be used to diagnose this entity. Even more so, CEUSs can
be used to diagnose brain abscesses and differentiate them from other focal brain lesions.
Brain abscesses typically appear as a non-enhancing focal lesion with a hyper-enhancing
rim (Figure 6) [79].
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Figure 6. A 2-month-old boy with acute lymphoblastic leukaemia and candida sepsis. Slowly
growing hyperechoic lesions were detected using a brain ultrasound. (A) The sagittal CEUS image of
the brain at 54 s after the application of contrast agent shows high signal intensity only at the rim of
the lesion (crosses). Candida micro-abscesses were suspected and later confirmed using a brain MRI
scan. (B) A sagittal reference grayscale ultrasound image shows a small hyperechoic lesion (plusses).

3.7. Brain Death Confirmation

Brain death refers to the complete and irreversible loss of brain function, which is
defined as the cessation of cortical and brainstem activities. Typically, the confirmation of
brain death involves verifying three criteria: unconsciousness, the absence of brainstem
reflexes, and apnea. However, the apnea test can be challenging to implement for infants
and may pose risks to patients with unstable circulation. Therefore, various ancillary
imaging tests can assist in making the diagnosis. Cerebral angiography and radionuclide
scanning are commonly used on infants as ancillary imaging tests. However, they can
be challenging to perform when the patient needs to be transported from an intensive
care unit [80]. The bedside imaging test to confirm cerebral circulatory arrest is Doppler
ultrasonography, which is used to evaluate the blood flow in intracranial and extracra-
nial arteries. However, it may face challenges with transmission due to the inadequate
penetration of ultrasound beams through the temporal bone, making the evaluation of
intracranial vessels unreliable in some cases [81]. CEUSs allow the better visualization of
cerebral vasculature compared to that of Doppler USs, and they also facilitate the evaluation
of cerebral perfusion (Figure 7) [82]. Studies on adult populations have shown that the
rate of inconclusive Doppler US examinations for determining cerebral circulatory arrest
significantly decreases when CEUSs are performed [81,83]. A couple of reports already
demonstrated that the CEUS can also be reliably used as an ancillary imaging test for the
confirmation of brain death in neonates [37,84].
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Figure 7. Coronal CEUS images of a 1-year-old infant’s brain obtained (A) 14 s and (B) 109 s after
the contrast administration. Both images demonstrate a lack of enhancement of the intracranial
vasculature and no brain perfusion.

4. Conclusions

A CEUS is an increasingly used diagnostic imaging technique. It has proven to be
a valuable tool in the assessment of numerous central nervous system conditions among
children and can complement the conventional US, CT, or MRI. Its high safety profile makes
it especially applicable to the pediatric population. The current evidence suggests that the
potential risks associated with brain CEUSs are minimal and lower compared to those of
other contrast agents like iodinated and paramagnetic contrast techniques. The assessment
and quantification of cerebral perfusion using a CEUS provides unique functional insights
into the pathophysiology of the brain. The future use of brain CEUSs for established
applications and research on the potential value of brain CEUSs for additional clinical
applications are, thus, highly justified.

Author Contributions: Conceptualization, D.P., M.P. and P.S.; methodology, D.P., M.P. and P.S.;
resources, D.P., M.P. and P.S.; writing—original draft preparation, D.P.; writing—review and editing,
M.P. and P.S.; visualization, D.P. and P.S.; supervision, D.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Richer, E.J.; Riedesel, E.L.; Linam, L.E. Review of Neonatal and Infant Cranial US. RadioGraphics 2021, 41, E206–E207. [CrossRef]

[PubMed]
2. Plut, D.; Slak, P.; Williams-Weekes, T.; Winant, A.J.; Lee, E.Y.; Paltiel, H.J. Contrast-Enhanced Ultrasound in Children: Current and

New Applications. Adv. Clin. Radiol. 2023, 5, 75–89. [CrossRef]
3. Hwang, M.; Barnewolt, C.E.; Jüngert, J.; Prada, F.; Sridharan, A.; Didier, R.A. Contrast-enhanced ultrasound of the pediatric brain.

Pediatr. Radiol. 2021, 51, 2270–2283. [CrossRef] [PubMed]
4. Sridharan, A.; Eisenbrey, J.R.; Forsberg, F.; Lorenz, N.; Steffgen, L.; Ntoulia, A. Ultrasound contrast agents: Microbubbles made

simple for the pediatric radiologist. Pediatr. Radiol. 2021, 51, 2117–2127. [CrossRef] [PubMed]

https://doi.org/10.1148/rg.2021210089
https://www.ncbi.nlm.nih.gov/pubmed/34723697
https://doi.org/10.1016/j.yacr.2023.04.009
https://doi.org/10.1007/s00247-021-04974-4
https://www.ncbi.nlm.nih.gov/pubmed/33599780
https://doi.org/10.1007/s00247-021-05080-1
https://www.ncbi.nlm.nih.gov/pubmed/34117892


Children 2023, 10, 1303 12 of 15

5. Tang, C.; Fang, K.; Guo, Y.; Li, R.; Fan, X.; Chen, P.; Chen, Z.; Liu, Q.; Zou, Y. Safety of Sulfur Hexafluoride Microbubbles in
Sonography of Abdominal and Superficial Organs: Retrospective Analysis of 30,222 Cases. J. Ultrasound Med. 2017, 36, 531–538.
[CrossRef]

6. Hu, C.; Feng, Y.; Huang, P.; Jin, J. Adverse reactions after the use of SonoVue contrast agent: Characteristics and nursing care
experience. Medicine 2019, 98, e17745. [CrossRef]

7. Dietrich, C.F.; Augustiniene, R.; Batko, T.; Cantisani, V.; Cekuolis, A.; Deganello, A.; Dong, Y.; Franke, D.; Harkanyi, Z.;
Humphries, P.D.; et al. European Federation of Societies for Ultrasound in Medicine and Biology (EFSUMB): An Update on the
Pediatric CEUS Registry on Behalf of the “EFSUMB Pediatric CEUS Registry Working Group”. Ultraschall Der Med. 2021, 42,
270–277. [CrossRef]

8. Ntoulia, A.; Anupindi, S.A.; Back, S.J.; Didier, R.A.; Hwang, M.; Johnson, A.M.; McCarville, M.B.; Papadopoulou, F.; Piskunowicz,
M.; Sellars, M.E.; et al. Contrast-enhanced ultrasound: A comprehensive review of safety in children. Pediatr. Radiol. 2021, 51,
2161–2180. [CrossRef]

9. Squires, J.H.; McCarville, M.B. Contrast-Enhanced Ultrasound in Children: Implementation and Key Diagnostic Applications.
AJR Am. J. Roentgenol. 2021, 217, 1217–1231. [CrossRef]

10. Miller, D.L.; Averkiou, M.A.; Brayman, A.A.; Everbach, E.C.; Holland, C.K.; Wible, J.H., Jr.; Wu, J. Bioeffects considerations for
diagnostic ultrasound contrast agents. J. Ultrasound Med. 2008, 27, 611–632; quiz 633–636. [CrossRef]

11. Church, C.C. Spontaneous homogeneous nucleation, inertial cavitation and the safety of diagnostic ultrasound. Ultrasound Med.
Biol. 2002, 28, 1349–1364. [CrossRef]

12. Fowlkes, J.B. American Institute of Ultrasound in Medicine consensus report on potential bioeffects of diagnostic ultrasound:
Executive summary. J. Ultrasound Med. 2008, 27, 503–515. [CrossRef]

13. Piscaglia, F.; Nolsøe, C.; Dietrich, C.F.; Cosgrove, D.O.; Gilja, O.H.; Bachmann Nielsen, M.; Albrecht, T.; Barozzi, L.; Bertolotto, M.;
Catalano, O.; et al. The EFSUMB Guidelines and Recommendations on the Clinical Practice of Contrast Enhanced Ultrasound
(CEUS): Update 2011 on non-hepatic applications. Ultraschall Med. 2012, 33, 33–59. [CrossRef]

14. Sidhu, P.S.; Cantisani, V.; Dietrich, C.F.; Gilja, O.H.; Saftoiu, A.; Bartels, E.; Bertolotto, M.; Calliada, F.; Clevert, D.A.;
Cosgrove, D.; et al. The EFSUMB Guidelines and Recommendations for the Clinical Practice of Contrast-Enhanced Ultrasound
(CEUS) in Non-Hepatic Applications: Update 2017 (Long Version). Ultraschall Med. 2018, 39, e2–e44. [CrossRef] [PubMed]

15. Dietrich, C.F.; Averkiou, M.; Nielsen, M.B.; Barr, R.G.; Burns, P.N.; Calliada, F.; Cantisani, V.; Choi, B.; Chammas, M.C.;
Clevert, D.A.; et al. How to perform Contrast-Enhanced Ultrasound (CEUS). Ultrasound Int. Open 2018, 4, E2–E15. [CrossRef]
[PubMed]

16. Hwang, M.; Back, S.J.; Didier, R.A.; Lorenz, N.; Morgan, T.A.; Poznick, L.; Steffgen, L.; Sridharan, A. Pediatric contrast-enhanced
ultrasound: Optimization of techniques and dosing. Pediatr. Radiol. 2021, 51, 2147–2160. [CrossRef]

17. Bracco. Lumason: Highlights of Prescribing Information. Available online: https://www.bracco.com/us-en-spc-vueway
(accessed on 15 June 2023).

18. Barr, R.G. How to Develop a Contrast-Enhanced Ultrasound Program. J. Ultrasound Med. 2017, 36, 1225–1240. [CrossRef]
19. Tranquart, F.; Mercier, L.; Frinking, P.; Gaud, E.; Arditi, M. Perfusion quantification in contrast-enhanced ultrasound (CEUS)—

Ready for research projects and routine clinical use. Ultraschall Der Med. 2012, 33 (Suppl. S1), S31–S38. [CrossRef] [PubMed]
20. Hwang, M. Introduction to contrast-enhanced ultrasound of the brain in neonates and infants: Current understanding and future

potential. Pediatr. Radiol. 2019, 49, 254–262. [CrossRef]
21. Vinke, E.J.; Kortenbout, A.J.; Eyding, J.; Slump, C.H.; van der Hoeven, J.G.; de Korte, C.L.; Hoedemaekers, C.W.E. Potential of

Contrast-Enhanced Ultrasound as a Bedside Monitoring Technique in Cerebral Perfusion: A Systematic Review. Ultrasound Med.
Biol. 2017, 43, 2751–2757. [CrossRef]

22. Peronneau, P.; Lassau, N.; Leguerney, I.; Roche, A.; Cosgrove, D. Contrast ultrasonography: Necessity of linear data processing
for the quantification of tumor vascularization. Ultraschall Med. 2010, 31, 370–378. [CrossRef] [PubMed]

23. Gauthier, M.; Leguerney, I.; Thalmensi, J.; Chebil, M.; Parisot, S.; Peronneau, P.; Roche, A.; Lassau, N. Estimation of intra-operator
variability in perfusion parameter measurements using DCE-US. World J. Radiol. 2011, 3, 70–81. [CrossRef]

24. Hwang, M.; Sridharan, A.; Darge, K.; Riggs, B.; Sehgal, C.; Flibotte, J.; Huisman, T. Novel Quantitative Contrast-Enhanced
Ultrasound Detection of Hypoxic Ischemic Injury in Neonates and Infants: Pilot Study 1. J. Ultrasound Med. 2019, 38, 2025–2038.
[CrossRef] [PubMed]

25. Kurinczuk, J.J.; White-Koning, M.; Badawi, N. Epidemiology of neonatal encephalopathy and hypoxic-ischaemic encephalopathy.
Early Hum. Dev. 2010, 86, 329–338. [CrossRef] [PubMed]

26. Shankaran, S.; Pappas, A.; McDonald, S.A.; Vohr, B.R.; Hintz, S.R.; Yolton, K.; Gustafson, K.E.; Leach, T.M.; Green, C.; Bara, R.; et al.
Childhood outcomes after hypothermia for neonatal encephalopathy. N. Engl. J. Med. 2012, 366, 2085–2092. [CrossRef]

27. Abate, B.B.; Bimerew, M.; Gebremichael, B.; Mengesha Kassie, A.; Kassaw, M.; Gebremeskel, T.; Bayih, W.A. Effects of therapeutic
hypothermia on death among asphyxiated neonates with hypoxic-ischemic encephalopathy: A systematic review and meta-
analysis of randomized control trials. PLoS ONE 2021, 16, e0247229. [CrossRef] [PubMed]

28. Douglas-Escobar, M.; Weiss, M.D. Hypoxic-Ischemic Encephalopathy: A Review for the Clinician. JAMA Pediatr. 2015, 169,
397–403. [CrossRef]

29. Lemyre, B.; Chau, V. Hypothermia for newborns with hypoxic-ischemic encephalopathy. Paediatr. Child Health 2018, 23, 285–291.
[CrossRef]

https://doi.org/10.7863/ultra.15.11075
https://doi.org/10.1097/MD.0000000000017745
https://doi.org/10.1055/a-1345-3626
https://doi.org/10.1007/s00247-021-05223-4
https://doi.org/10.2214/AJR.21.25713
https://doi.org/10.7863/jum.2008.27.4.611
https://doi.org/10.1016/S0301-5629(02)00579-3
https://doi.org/10.7863/jum.2008.27.4.503
https://doi.org/10.1055/s-0031-1281676
https://doi.org/10.1055/a-0586-1107
https://www.ncbi.nlm.nih.gov/pubmed/29510439
https://doi.org/10.1055/s-0043-123931
https://www.ncbi.nlm.nih.gov/pubmed/29423461
https://doi.org/10.1007/s00247-020-04812-z
https://www.bracco.com/us-en-spc-vueway
https://doi.org/10.7863/ultra.16.09045
https://doi.org/10.1055/s-0032-1312894
https://www.ncbi.nlm.nih.gov/pubmed/22723027
https://doi.org/10.1007/s00247-018-4270-1
https://doi.org/10.1016/j.ultrasmedbio.2017.08.935
https://doi.org/10.1055/s-0029-1245450
https://www.ncbi.nlm.nih.gov/pubmed/20577941
https://doi.org/10.4329/wjr.v3.i3.70
https://doi.org/10.1002/jum.14892
https://www.ncbi.nlm.nih.gov/pubmed/30560547
https://doi.org/10.1016/j.earlhumdev.2010.05.010
https://www.ncbi.nlm.nih.gov/pubmed/20554402
https://doi.org/10.1056/NEJMoa1112066
https://doi.org/10.1371/journal.pone.0247229
https://www.ncbi.nlm.nih.gov/pubmed/33630892
https://doi.org/10.1001/jamapediatrics.2014.3269
https://doi.org/10.1093/pch/pxy028


Children 2023, 10, 1303 13 of 15

30. Sorokan, S.T.; Jefferies, A.L.; Miller, S.P. Imaging the term neonatal brain. Paediatr. Child Health 2018, 23, 322–328. [CrossRef]
[PubMed]

31. Rutherford, M.; Biarge, M.M.; Allsop, J.; Counsell, S.; Cowan, F. MRI of perinatal brain injury. Pediatr. Radiol. 2010, 40, 819–833.
[CrossRef]

32. Azzopardi, D.; Edwards, A.D. Magnetic resonance biomarkers of neuroprotective effects in infants with hypoxic ischemic
encephalopathy. Semin. Fetal Neonatal Med. 2010, 15, 261–269. [CrossRef] [PubMed]

33. Gadde, J.A.; Pardo, A.C.; Bregman, C.S.; Ryan, M.E. Imaging of Hypoxic-Ischemic Injury (in the Era of Cooling). Clin. Perinatol.
2022, 49, 735–749. [CrossRef] [PubMed]

34. Armour, E.; Curcio, A.; Fryer, R. Neonatal Hypoxic Ischemic Encephalopathy: An Updated Preclinical and Clinical Review. OBM
Neurobiol. 2020, 4, 68. [CrossRef]

35. Rollins, N.; Booth, T.; Morriss, M.C.; Sanchez, P.; Heyne, R.; Chalak, L. Predictive Value of Neonatal MRI Showing No or Minor
Degrees of Brain Injury after Hypothermia. Pediatr. Neurol. 2014, 50, 447–451. [CrossRef] [PubMed]

36. Laptook, A.R.; Shankaran, S.; Barnes, P.; Rollins, N.; Do, B.T.; Parikh, N.A.; Hamrick, S.; Hintz, S.R.; Tyson, J.E.; Bell, E.F.; et al.
Limitations of Conventional Magnetic Resonance Imaging as a Predictor of Death or Disability Following Neonatal Hypoxic-
Ischemic Encephalopathy in the Late Hypothermia Trial. J. Pediatr. 2021, 230, 106–111.e106. [CrossRef]

37. Hwang, M.; Riggs, B.J.; Saade-Lemus, S.; Huisman, T.A. Bedside contrast-enhanced ultrasound diagnosing cessation of cerebral
circulation in a neonate: A novel bedside diagnostic tool. Neuroradiol. J. 2018, 31, 578–580. [CrossRef]

38. Sridharan, A.; Riggs, B.; Darge, K.; Huisman, T.; Hwang, M. The Wash-Out of Contrast-Enhanced Ultrasound for Evaluation of
Hypoxic Ischemic Injury in Neonates and Infants: Preliminary Findings. Ultrasound Q. 2021, 38, 36–42. [CrossRef]

39. Broderick, J.; Talbot, G.T.; Prenger, E.; Leach, A.; Brott, T. Stroke in children within a major metropolitan area: The surprising
importance of intracerebral hemorrhage. J. Child Neurol. 1993, 8, 250–255. [CrossRef]

40. Ferriero, D.M.; Fullerton, H.J.; Bernard, T.J.; Billinghurst, L.; Daniels, S.R.; DeBaun, M.R.; deVeber, G.; Ichord, R.N.; Jordan, L.C.;
Massicotte, P.; et al. Management of Stroke in Neonates and Children: A Scientific Statement from the American Heart
Association/American Stroke Association. Stroke 2019, 50, e51–e96. [CrossRef]

41. Dunbar, M.; Kirton, A. Perinatal Stroke. Semin. Pediatr. Neurol. 2019, 32, 100767. [CrossRef]
42. Gemmete, J.J.; Davagnanam, I.; Toma, A.K.; Brew, S.; Ganesan, V. Arterial ischemic stroke in children. Neuroimaging Clin. N. Am.

2013, 23, 781–798. [CrossRef]
43. Gerstl, L.; Weinberger, R.; von Kries, R.; Heinen, F.; Schroeder, A.S.; Bonfert, M.V.; Borggraefe, I.; Tacke, M.; Vill, K.; Landgraf,

M.N.; et al. Risk factors in childhood arterial ischaemic stroke: Findings from a population-based study in Germany. Eur. J.
Paediatr. Neurol. 2018, 22, 380–386. [CrossRef]

44. Mastrangelo, M.; Giordo, L.; Ricciardi, G.; De Michele, M.; Toni, D.; Leuzzi, V. Acute ischemic stroke in childhood: A comprehen-
sive review. Eur. J. Pediatr. 2022, 181, 45–58. [CrossRef] [PubMed]

45. Mirsky, D.M.; Beslow, L.A.; Amlie-Lefond, C.; Krishnan, P.; Laughlin, S.; Lee, S.; Lehman, L.; Rafay, M.; Shaw, D.; Rivkin, M.J.; et al.
Pathways for Neuroimaging of Childhood Stroke. Pediatr. Neurol. 2017, 69, 11–23. [CrossRef]

46. Narayanan, S.; Schmithorst, V.; Panigrahy, A. Arterial Spin Labeling in Pediatric Neuroimaging. Semin. Pediatr. Neurol. 2020,
33, 100799. [CrossRef] [PubMed]

47. Kimchi, T.J.; Agid, R.; Lee, S.K.; Ter Brugge, K.G. Arterial ischemic stroke in children. Neuroimaging Clin. N. Am. 2007, 17, 175–187.
[CrossRef] [PubMed]

48. Lanzman, B.A.; Huang, Y.; Lee, E.H.; Iv, M.; Moseley, M.E.; Holdsworth, S.J.; Yeom, K.W. Simultaneous time of flight-MRA and
T2* imaging for cerebrovascular MRI. Neuroradiology 2021, 63, 243–251. [CrossRef]

49. Meairs, S. Contrast-enhanced ultrasound perfusion imaging in acute stroke patients. Eur. Neurol. 2008, 59 (Suppl. S1), 17–26.
[CrossRef]

50. Wiesmann, M.; Meyer, K.; Albers, T.; Seidel, G. Parametric perfusion imaging with contrast-enhanced ultrasound in acute
ischemic stroke. Stroke 2004, 35, 508–513. [CrossRef]

51. Squires, J.H.; Beluk, N.H.; Lee, V.K.; Yanowitz, T.D.; Gumus, S.; Subramanian, S.; Panigrahy, A. Feasibility and Safety of Contrast-
Enhanced Ultrasound of the Neonatal Brain: A Prospective Study Using MRI as the Reference Standard. AJR Am. J. Roentgenol.
2022, 218, 152–161. [CrossRef]

52. Inder, T.E.; Perlman, J.M.; Volpe, J.J. Chapter 22—Intracranial Hemorrhage: Subdural, Subarachnoid, Intraventricular (Term
Infant), Miscellaneous. In Volpe’s Neurology of the Newborn, 6th ed.; Volpe, J.J., Inder, T.E., Darras, B.T., de Vries, L.S., du Plessis,
A.J., Neil, J.J., Perlman, J.M., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 593–622.e597.

53. Tan, A.P.; Svrckova, P.; Cowan, F.; Chong, W.K.; Mankad, K. Intracranial hemorrhage in neonates: A review of etiologies, patterns
and predicted clinical outcomes. Eur. J. Paediatr. Neurol. 2018, 22, 690–717. [CrossRef]

54. Gupta, S.N.; Kechli, A.M.; Kanamalla, U.S. Intracranial hemorrhage in term newborns: Management and outcomes. Pediatr.
Neurol. 2009, 40, 1–12. [CrossRef] [PubMed]

55. Brouwer, A.J.; Groenendaal, F.; Koopman, C.; Nievelstein, R.J.; Han, S.K.; de Vries, L.S. Intracranial hemorrhage in full-term
newborns: A hospital-based cohort study. Neuroradiology 2010, 52, 567–576. [CrossRef] [PubMed]

56. Hong, H.S.; Lee, J.Y. Intracranial hemorrhage in term neonates. Child’s Nerv. Syst. 2018, 34, 1135–1143. [CrossRef] [PubMed]

https://doi.org/10.1093/pch/pxx161
https://www.ncbi.nlm.nih.gov/pubmed/30657135
https://doi.org/10.1007/s00247-010-1620-z
https://doi.org/10.1016/j.siny.2010.03.001
https://www.ncbi.nlm.nih.gov/pubmed/20359970
https://doi.org/10.1016/j.clp.2022.05.007
https://www.ncbi.nlm.nih.gov/pubmed/36113932
https://doi.org/10.21926/obm.neurobiol.2003068
https://doi.org/10.1016/j.pediatrneurol.2014.01.013
https://www.ncbi.nlm.nih.gov/pubmed/24656462
https://doi.org/10.1016/j.jpeds.2020.11.015
https://doi.org/10.1177/1971400918795866
https://doi.org/10.1097/RUQ.0000000000000560
https://doi.org/10.1177/088307389300800308
https://doi.org/10.1161/STR.0000000000000183
https://doi.org/10.1016/j.spen.2019.08.003
https://doi.org/10.1016/j.nic.2013.03.019
https://doi.org/10.1016/j.ejpn.2018.01.001
https://doi.org/10.1007/s00431-021-04212-x
https://www.ncbi.nlm.nih.gov/pubmed/34327611
https://doi.org/10.1016/j.pediatrneurol.2016.12.004
https://doi.org/10.1016/j.spen.2020.100799
https://www.ncbi.nlm.nih.gov/pubmed/32331614
https://doi.org/10.1016/j.nic.2007.02.007
https://www.ncbi.nlm.nih.gov/pubmed/17645969
https://doi.org/10.1007/s00234-020-02499-5
https://doi.org/10.1159/000114456
https://doi.org/10.1161/01.STR.0000114877.58809.3D
https://doi.org/10.2214/AJR.21.26274
https://doi.org/10.1016/j.ejpn.2018.04.008
https://doi.org/10.1016/j.pediatrneurol.2008.09.019
https://www.ncbi.nlm.nih.gov/pubmed/19068247
https://doi.org/10.1007/s00234-010-0698-1
https://www.ncbi.nlm.nih.gov/pubmed/20393697
https://doi.org/10.1007/s00381-018-3788-8
https://www.ncbi.nlm.nih.gov/pubmed/29637304


Children 2023, 10, 1303 14 of 15

57. Intrapiromkul, J.; Northington, F.; Huisman, T.A.; Izbudak, I.; Meoded, A.; Tekes, A. Accuracy of head ultrasound for the
detection of intracranial hemorrhage in preterm neonates: Comparison with brain MRI and susceptibility-weighted imaging. J.
Neuroradiol. 2013, 40, 81–88. [CrossRef]

58. Neha, S.; Deepti, S. An Overview of Pediatric CNS Malignancies. In Current Cancer Treatment; Mirjana, R., Eva, S., Eds.;
IntechOpen: Rijeka, Croatia, 2020; Chapter 6.

59. Borja, M.J.; Plaza, M.J.; Altman, N.; Saigal, G. Conventional and advanced MRI features of pediatric intracranial tumors:
Supratentorial tumors. AJR Am. J. Roentgenol. 2013, 200, W483–W503. [CrossRef]

60. Cheng, L.G.; He, W.; Zhang, H.X.; Song, Q.; Ning, B.; Li, H.Z.; He, Y.; Lin, S. Intraoperative Contrast Enhanced Ultrasound
Evaluates the Grade of Glioma. BioMed Res. Int. 2016, 2016, 2643862. [CrossRef]

61. Harrer, J.U.; Möller-Hartmann, W.; Oertel, M.F.; Klötzsch, C. Perfusion imaging of high-grade gliomas: A comparison between
contrast harmonic and magnetic resonance imaging. Technical note. J. Neurosurg. 2004, 101, 700–703. [CrossRef]

62. Botero, F.V.; Salazar, M.A.N.; Lopez, G.A.B.; Rodriguez, M.E.R.; Xiao, T.S.; Aguilar, A.J.; Madrid, A.J.A.; Hernández, J.R.M.;
Moreno, G.A.; Suazo, K.S.L.; et al. The Utility of CEUS as an Intraoperative Tool for Residual Brain Tumors: An Overview. Open
Access J. Neurol. Neurosurg. 2022, 17, 555957. [CrossRef]

63. Della Pepa, G.M.; Menna, G.; Ius, T.; Di Bonaventura, R.; Altieri, R.; Marchese, E.; Olivi, A.; Sabatino, G.; La Rocca, G. Contrast
enhanced ultrasound (CEUS) applications in neurosurgical and neurological settings—New scenarios for brain and spinal cord
ultrasonography. A systematic review. Clin. Neurol. Neurosurg. 2020, 198, 106105. [CrossRef]

64. Prada, F.; Vitale, V.; Del Bene, M.; Boffano, C.; Sconfienza, L.M.; Pinzi, V.; Mauri, G.; Solbiati, L.; Sakas, G.; Kolev, V.; et al.
Contrast-enhanced MR Imaging versus Contrast-enhanced US: A Comparison in Glioblastoma Surgery by Using Intraoperative
Fusion Imaging. Radiology 2017, 285, 242–249. [CrossRef]

65. Dixon, L.; Lim, A.; Grech-Sollars, M.; Nandi, D.; Camp, S. Intraoperative ultrasound in brain tumor surgery: A review and
implementation guide. Neurosurg. Rev. 2022, 45, 2503–2515. [CrossRef] [PubMed]

66. Arlt, F.; Chalopin, C.; Müns, A.; Meixensberger, J.; Lindner, D. Intraoperative 3D contrast-enhanced ultrasound (CEUS): A
prospective study of 50 patients with brain tumours. Acta Neurochir. 2016, 158, 685–694. [CrossRef]

67. Kunimoto, K.; Yamamoto, Y.; Jinnin, M. ISSVA Classification of Vascular Anomalies and Molecular Biology. Int. J. Mol. Sci. 2022,
23, 2358. [CrossRef] [PubMed]

68. Duran, D.; Karschnia, P.; Gaillard, J.R.; Karimy, J.K.; Youngblood, M.W.; DiLuna, M.L.; Matouk, C.C.; Aagaard-Kienitz, B.;
Smith, E.R.; Orbach, D.B.; et al. Human genetics and molecular mechanisms of vein of Galen malformation. J. Neurosurg. Pediatr.
2018, 21, 367–374. [CrossRef]

69. Brinjikji, W.; Krings, T.; Murad, M.H.; Rouchaud, A.; Meila, D. Endovascular Treatment of Vein of Galen Malformations: A
Systematic Review and Meta-Analysis. AJNR Am. J. Neuroradiol. 2017, 38, 2308–2314. [CrossRef]

70. Acerbi, F.; Prada, F.; Vetrano, I.G.; Falco, J.; Faragò, G.; Ferroli, P.; DiMeco, F. Indocyanine Green and Contrast-Enhanced
Ultrasound Videoangiography: A Synergistic Approach for Real-Time Verification of Distal Revascularization and Aneurysm
Occlusion in a Complex Distal Middle Cerebral Artery Aneurysm. World Neurosurg. 2019, 125, 277–284. [CrossRef]

71. Wendl, C.M.; Eiglsperger, J.; Schuierer, G.; Jung, E.M. Evaluating post-interventional occlusion grades of cerebral aneurysms with
transcranial contrast-enhanced ultrasound (CEUS) using a matrix probe. Ultraschall Med. 2015, 36, 168–173. [CrossRef]

72. Della Pepa, G.M.; Sabatino, G.; Sturiale, C.L.; Marchese, E.; Puca, A.; Olivi, A.; Albanese, A. Integration of Real-Time Intraoperative
Contrast-Enhanced Ultrasound and Color Doppler Ultrasound in the Surgical Treatment of Spinal Cord Dural Arteriovenous
Fistulas. World Neurosurg. 2018, 112, 138–142. [CrossRef] [PubMed]

73. Prada, F.; Del Bene, M.; Faragò, G.; DiMeco, F. Spinal Dural Arteriovenous Fistula: Is There a Role for Intraoperative Contrast-
Enhanced Ultrasound? World Neurosurg. 2017, 100, 712.e715–712.e718. [CrossRef]

74. Saindane, A.M.; Mitchell, B.C.; Kang, J.; Desai, N.K.; Dehkharghani, S. Performance of spin-echo and gradient-echo T1-weighted
sequences for evaluation of dural venous sinus thrombosis and stenosis. AJR Am. J. Roentgenol. 2013, 201, 162–169. [CrossRef]

75. Sharath Kumar, G.G.; Adiga, C.P.; Iyer, P.P.; Goolahally, L.N. Role of imaging in CNS infections. Indian J. Pathol. Microbiol. 2022,
65, S153–S163. [PubMed]

76. Gupta, N.; Grover, H.; Bansal, I.; Hooda, K.; Sapire, J.M.; Anand, R.; Kumar, Y. Neonatal cranial sonography: Ultrasound findings
in neonatal meningitis-a pictorial review. Quant. Imaging Med. Surg. 2017, 7, 123–131. [CrossRef] [PubMed]

77. Lee, E.K.; Lee, E.J.; Kim, S.; Lee, Y.S. Importance of Contrast-Enhanced Fluid-Attenuated Inversion Recovery Magnetic Resonance
Imaging in Various Intracranial Pathologic Conditions. Korean J. Radiol. 2016, 17, 127–141. [CrossRef] [PubMed]

78. Miller, J.H.; Bardo, D.M.E.; Cornejo, P. Neonatal Neuroimaging. Semin. Pediatr. Neurol. 2020, 33, 100796. [CrossRef]
79. Longo, D.; Narese, D.; Fariello, G. Diagnosis of brain abscess: A challenge that Magnetic Resonance can help us win! Epidemiol.

Infect. 2018, 146, 1608–1610. [CrossRef]
80. Henderson, N.; McDonald, M.J. Ancillary Studies in Evaluating Pediatric Brain Death. J. Pediatr. Intensive Care 2017, 6, 234–239.

[CrossRef]
81. Welschehold, S.; Geisel, F.; Beyer, C.; Reuland, A.; Kerz, T. Contrast-enhanced transcranial Doppler ultrasonography in the

diagnosis of brain death. J. Neurol. Neurosurg. Psychiatry 2013, 84, 939–940. [CrossRef]
82. Freeman, C.W.; Hwang, M. Advanced Ultrasound Techniques for Neuroimaging in Pediatric Critical Care: A Review. Children

2022, 9, 170. [CrossRef]

https://doi.org/10.1016/j.neurad.2012.03.006
https://doi.org/10.2214/AJR.12.9724
https://doi.org/10.1155/2016/2643862
https://doi.org/10.3171/jns.2004.101.4.0700
https://doi.org/10.19080/OAJNN.2022.17.555957
https://doi.org/10.1016/j.clineuro.2020.106105
https://doi.org/10.1148/radiol.2017161206
https://doi.org/10.1007/s10143-022-01778-4
https://www.ncbi.nlm.nih.gov/pubmed/35353266
https://doi.org/10.1007/s00701-016-2738-z
https://doi.org/10.3390/ijms23042358
https://www.ncbi.nlm.nih.gov/pubmed/35216474
https://doi.org/10.3171/2017.9.PEDS17365
https://doi.org/10.3174/ajnr.A5403
https://doi.org/10.1016/j.wneu.2019.01.241
https://doi.org/10.1055/s-0034-1398835
https://doi.org/10.1016/j.wneu.2018.01.101
https://www.ncbi.nlm.nih.gov/pubmed/29410373
https://doi.org/10.1016/j.wneu.2017.01.045
https://doi.org/10.2214/AJR.12.9095
https://www.ncbi.nlm.nih.gov/pubmed/35562146
https://doi.org/10.21037/qims.2017.02.01
https://www.ncbi.nlm.nih.gov/pubmed/28275563
https://doi.org/10.3348/kjr.2016.17.1.127
https://www.ncbi.nlm.nih.gov/pubmed/26798225
https://doi.org/10.1016/j.spen.2020.100796
https://doi.org/10.1017/S0950268818001139
https://doi.org/10.1055/s-0037-1604015
https://doi.org/10.1136/jnnp-2012-304129
https://doi.org/10.3390/children9020170


Children 2023, 10, 1303 15 of 15

83. Llompart-Pou, J.A.; Abadal, J.M.; Velasco, J.; Homar, J.; Blanco, C.; Ayestarán, J.I.; Pérez-Bárcena, J. Contrast-enhanced transcranial
color sonography in the diagnosis of cerebral circulatory arrest. Transplant. Proc. 2009, 41, 1466–1468. [CrossRef]

84. Slak, P.; Pušnik, L.; Plut, D. Contrast-Enhanced Ultrasound (CEUS) as an Ancillary Imaging Test for Confirmation of Brain Death
in an Infant: A Case Report. Children 2022, 9, 1525. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.transproceed.2008.12.036
https://doi.org/10.3390/children9101525
https://www.ncbi.nlm.nih.gov/pubmed/36291460

	Introduction 
	Basics of Contrast-Enhanced Ultrasound (CEUS) 
	Safety Considerations 
	Contrast-Enhanced Ultrasound (CEUS) Technique 
	Quantification Methods 

	Clinical Applications 
	Hypoxic-Ischemic Injury 
	Ischemic Stroke 
	Intracranial Hemorrhage 
	Brain Tumors 
	Vascular Malformations and Brain Vasculature Evaluation 
	Infections 
	Brain Death Confirmation 

	Conclusions 
	References

